We report a new electrically tunable color filter to actively adjust the correlated color temperature of white light-emitting diodes. With four passive cholesteric films and an active polarization rotator, both circular polarizations of the incident light are utilized to generate complementary blue and yellow colors. The blue/yellow ratio can be tuned by the applied voltage of the polarization rotator. In experiment, the tunable color filter offers a reasonably wide tuning range (1900 K and 2400 K), which resembles the Planckian locus. This design is promising for next generation smart lighting.
Introduction
Lately, solid-state lighting (SSL) has been gradually replacing the incandescent light bulbs because of its higher energy efficiency, reduced heat generation and longer life time. With the invention of high performance blue light-emitting diode (LED) [1] [2] [3] , phosphor-converted white LED (pc-WLED) has found widespread applications. Nowadays, the concept of smart SSL is intriguing for next generation lighting technology [4, 5] , where real-time spectrum tuning is particularly essential. The adjustment of spectrum will result in different correlated color temperature (CCT), which enables smart tuning of the white light in terms of variable environments, such as different weathers, daytime, and temperatures, or according to multifarious situations, say, working, dining, and sporting. The importance of controlling CCT is related to the profound impact of human activity and even health in presence of background illumination. Studies show that human's visual comfort, glare, and brightness perception are indispensable to CCT [6] . Therefore, a decent CCT-tuning WLED is highly desirable.
Recently, several approaches have been proposed to fulfill this demand [7] [8] [9] [10] [11] [12] [13] [14] . Plethora of studies concentrate on mixing different types of LEDs, such as red, green, blue (RGB) LEDs, with different ratios by driving them independently [7] [8] [9] . However, the complexities in optical and electrical components, and high cost limit their applications. Some others devote to quantum dot (QD) related CCT-tuning LED which shows good performance [10, 11] , but the tradeoffs are high operation voltage and still complex configuration [15] [16] [17] . Among them, tunable color filters enabled CCT-tuning is a strong contender due to the simple device configuration, simple driving scheme, low voltage and low cost [13, 14] . Although a closely resembled Planckian locus can be achieved in dichroic-dye type tunable color filter, the CCT tuning range is limited by the dichroic ratio [13] . On the other hand, the cholestericfilm type tunable color filter can only control the transmittance of one color. As a result, it requires special LED and the tuning path is deviated from blackbody locus [14] .
To solve these issues, in this paper, we propose a CCT-tunable WLED using a tunable color filter, which possesses the abovementioned advantages. More interestingly, by stacking different types of cholesteric LC films, a larger blue/yellow ratio can be achieved while maintaining close to Planckian locus.
Working principles and device configuration
CCT is the temperature of a given stimulus whose perceived color most closely resembles that of a Planckian radiator. Thus, the CCT is inevitably related to the spectral power distribution (SPD) of the stimulus itself. As the temperature of a Planckian radiator increases, a larger portion of short wavelengths (blue) is expected. Thus, through dynamically tuning the blue/yellow ratio of a white light, various CCT can be achieved.
In light of this principle, we demonstrate an active color filter to produce blue and yellow complementary colors. Figure 1 depicts the schematic of our device configuration. The proposed tunable color filter consists of four passive cholesteric liquid crystal (CLC) films and an active polarization rotator, which is also a LC device. A CLC can be formulated by doping a small concentration of chiral compound to a rodlike nematic host. In a CLC cell, the LC directors rotate continuously along the stacking direction, and a helical structure perpendicular to the layer planes is established [18, 19] . Due to the periodic helical structure, Bragg reflection of a certain circularly polarized light, depending on the handedness of the helix, is established. The pitch length of the helix (p), central wavelength (λ 0 ) and reflection bandwidth (Δλ) can be determined by:
where HTP is the helix twisting power of the chiral dopant, c the concentration of the chiral dopant in weight percentage, <n> the average refractive index of LC host, n e the extraordinary refractive index, n o the ordinary refractive index, and Δn the LC birefringence. From Eqs. (1)- (3), the CLC films can be designed by controlling the ratio between the chiral dopant and the LC host [20] . In our device, the four CLC films are stacked from bottom to top, in sequence of left-handed blue CLC, right-handed yellow CLC, right-handed yellow CLC and right-handed blue CLC. The polarization rotator is sandwiched between two yellow CLC films. The unpolarized white light emitted by the WLED will have right-handed blue light and left-handed yellow light after passing through the first two CLC films laminated on the cavity. Here it is noticed that the reflected circularly polarized light will turn to the opposite handedness after reflecting upon the cavity, leading to recycle of the light and maintaining high efficiency. When the polarization rotator, which in our proof-of-principle experiment is a VA cell, does not affect the polarization of light passing through it (say, V = 0 in Fig. 1 ), the light passing through the other two CLC films will have low transmittance for blue but high transmittance for yellow, resulting in a low CCT. Meanwhile, high CCT can be achieved by setting the polarization rotator to be a half-wave plate for yellow, in which the left-handed yellow light will turn to right-handed and be blocked by the second right-handed yellow CLC film, while blue light would pass through the second blue CLC film. Therefore, by utilizing both circular polarizations, complementary blue and yellow colors are generated. A larger tuning range is expected because of the enlarged blue/yellow ratio, while the CCT in between these two limits can be realized by tuning the phase retardation of the polarization rotator. One trade-off of our approach is that the color filter is not an emissive type, that means it will always block some of the light, leading to a somewhat lower optical efficiency than the WLED itself. 
Experimental results
In experiment, we chose R5011 and S5011 (HCCH, China) as chiral dopants and LCM2018 (Δn = 0.44 at λ = 632.8 nm, LC Matter, USA) as LC host. These two chiral dopants have the same helical twisting power but opposite handedness. To fabricate two blue CLC cells with opposite handedness, two mixtures consisting of 3.53 wt% R5011, 96.47 wt% LCM2018 and 3.58 wt% S5011, 96.42 wt% LCM 2018 were filled into two commercial homogeneous cells with cell gap d = 5 µm, respectively. For the two yellow CLC cells with the same handedness we filled a mixture consisting of 2.64 wt% R5011, 97.36 wt% LCM 2018 into the same type of cells as mentioned above. The measured transmission spectra are illustrated in Fig. 2 . It is noteworthy that CLC cells were used in our proof-of-principle experiment, but in practical applications, CLC films should be utilized in order to reduce device thickness and weight [21] . As for the polarization rotator, which is an active VA cell in our case, we filled a negative Δε (dielectric anisotropy) LC into a VA cell with cell gap d = 5 µm. The inner surface of the substrates was over-coated with a thin indium tin oxide (ITO) electrode. Together with four fabricated CLC test cells, the tunable color filter was finally accomplished. Figure 3 shows the normalized transmission spectra, recorded by HR2000 CG-UV-NIR high-resolution spectrometer (Ocean Optics), of this color filter under different voltages. As  Fig. 3 shows, the complementary blue and yellow colors are produced using this color filter. As the applied voltage increases, the blue/yellow ratio increases. This ratio reaches its maximum at V≈3.3 V rms , where the VA cell acts as a half-wave plate for yellow light. However, since our VA cell is not broadband, it is not a perfect half-wave plate for blue light, resulting in reduced transmittance in blue light as well as variation of transmittance for all wavelengths within the Bragg stop bands. Details will be discussed later.
To test the performance of adapting this tunable color filter into applicable WLEDs, we recorded the voltage-dependent spectra using two commercial WLEDs as light sources. For convenience, we mark them as WLED #1 and #2, where WLED #1 has a higher CCT than WLED #2. The measured results are depicted in Fig. 4 and Fig. 5 , respectively.
The function of our tunable color filter is demonstrated in Fig. 4(a) and Fig. 5(a) . Similar to Fig. 3 , at low voltages, blue light has low transmittance while yellow light can pass through the color filter. As the voltage increases, yellow light starts to be partially blocked while blue light gains transmittance. At V≈3.3 V rms , the VA cell works as a half-wave plate for yellow light, leading to the highest blue/yellow ratio, i.e., highest CCT. Please note that the VA cell is the only active device in our proposed tunable color filter. The required voltage is quite low, which enables an ultra-low power consumption. Moreover, the LCD technology is quite mature, which implies that such a voltage-dependent CCT can be controlled with high precision.
Figures 4(b) and 5(b) illustrate the CCT change as a function of applied voltage. The VA cell has a threshold voltage near 1.8 V. Above the threshold, LC molecules start to reorient and introduce phase retardation between two linear polarizations, leading to polarization changes. As a result, WLED #1 shows CCT tuning from ~4600 K to ~7000 K, while WLED #2 tunes the CCT from ~3000 K to ~4900 K.
Figures 4(c) and 5(c) demonstrate another way of visualizing the device performance, which shows the chromaticity in CIE 1976 color space (CIELUV). As Fig. 4(c) shows, it is intriguing that after tailoring the spectra by the color filter, the light source #1 can closely resemble the Planckian locus. Similar effect also happens to WLED #2, at some voltages. To evaluate how closely the tuning path follows the Planckian locus, we calculate the deviation (Duv) using the u´, 2/3·v´ coordinate system [22] . Our results indicate that the Duv is less than 0.005 for WLED #1 and less than 0.015 for WLED #2, for all measured points. The average Duv is 0.002 for WLED #1 and 0.011 for WLED #2. Such a small deviation for WLED #1 is quite acceptable for practical applications which demands Duv < 0.005, but additional effort is needed for WLED #2 to reduce the deviation [23, 24] . If we can tailor the employed light source to be closer to Planckian locus initially, then the deviation can be further minimized.
Apart from CCT, for general lighting, other parameters should be taken into consideration as well, such as luminous efficacy of radiation (LER) and color rendering index (CRI) [23, 25] . Figures 4(d-e) and 5(d-e) illustrate the voltage-dependent LER and CRI for these two CCT tunable light sources, respectively. Similar to Figs. 4(b) and 5(b), there is a threshold voltage due to the employed VA cell. As the applied voltage increases, the LER has a trend of decreasing. It can be interpreted from the tunable SPD as shown in Figs. 4(a) and 5(a) . Since human eyes are more sensitive to yellow, as the voltage increases, the intensity of blue light increases and that of the yellow light decreases, leading to a decreased LER. On the other hand, CRI keeps increasing when V< 3 V rms . Again, this can be explained by looking at the SPD. As the voltage increases, the spectral power is more evenly distributed on RGB, leading to a better rendering of object. As the voltage exceeds 3 V rms , the CRI starts to decrease due to the decreased yellow/blue ratio. As noted from Figs. 4(e) and 5(e), the CRI of WLED #1 is above 87 at all time, while WLED #2 has a lower CRI at low voltages. This index, however, can be boosted if a better blue/yellow ratio is available for the WLED itself. 
Discussion

Polarization rotator
In our proof-of-concept experiment, VA cell is used as the polarization rotator. However, in principle, other LC modes such as homogeneous cell and twisted nematic (TN) cell can also be used.
As mentioned above, VA cell is not a broadband device. One solution is to use a TN cell, which is known as a broadband half-wave plate [26] . To apply TN cell, a broadband quarterwave plate is needed to convert the incident circularly polarized light into linear because TN mode prefers linear polarization. After the TN cell, another broadband quarter-wave plate may also be needed for higher blue/yellow ratio. Also, in this case, the off-state now has the highest blue/yellow ratio, i.e. highest CCT, while on-state stands for the lowest CCT. It is noteworthy that another advantage of using TN cell is that it offers a wider viewing angle, comparing to VA cell.
Cavity effect
In our experiment, there is no back mirror employed, meaning that approximately half of the blue and yellow lights is wasted. Yet in real device, this lost part can be recycled back into the system. This not only influences the efficiency of the device, but also has impact on maximum blue/yellow and yellow/blue ratios. It is noticed that the enlarged ratios will increase the CCT tuning range as well.
Two-WLED system
It is interesting that our experiment demonstrates two WLEDs with tuning ranges from ~3000 K to ~4900 K and from ~4600 K to ~7000 K, respectively. If we integrate, for example, these two WLEDs, into one cavity and apply the tunable color filter to this system, a wider tuning range can be achieved. In this two-WLED system, it is not necessary to dynamically tune the ratio between these two WLEDs, but only on-off control is needed. For instance, if a CCT in the range of ~3000 K to ~4800 K is required, we can switch WLED #2 on and turn WLED #1 off, while adjusting the voltage of the polarization rotator correctly.
Conclusion
A CCT-tunable WLED with a tunable color filter is proposed and proof-of-concept experiment is conducted. This tunable color filter consists of four passive cholesteric films and an active polarization rotator. By utilizing both circular polarizations of light, complementary colors are generated, which in our case is blue and yellow. The blue/yellow ratio can be dynamically adjusted, and the tuning range of the blue/yellow ratio is relatively large. In experiment, CCT-tuning ranges about 1900 K and 2400 K are obtained for two different commercial WLEDs and the color performance is evaluated. More interestingly, tuning path resembling Planckian locus is realized. Our approach has potential for next generation smart SSL lighting applications.
Funding
Air Force Office of Scientific Research (AFOSR) (FA9550-14-1-0279).
